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(57) ABSTRACT

A method for manufacturing a semiconductor device
includes: simultaneously forming first and second well
regions on a semiconductor substrate, wherein the second
well region becomes a fixed electrode; simultaneously form-
ing a first gate insulating film on the first well region and a
fixed electrode protective film on the second well region;
simultaneously forming a floating gate electrode on the first
gate insulating film and a sacrificial film on the fixed electrode
protective film; simultaneously forming a second gate insu-
lating film on the floating gate electrode and a movable elec-
trode protective film on the sacrificial film; simultaneously
forming a gate electrode on the second gate insulating film
and a movable electrode on the movable electrode protective
film; removing the sacrificial film to form a void by; and
vacuum-sealing the void to form a vacuum chamber.
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1
METHOD FOR MANUFACTURING
SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method for manufactur-
ing a semiconductor device wherein a MOS (Metal Oxide
Semiconductor) structure and a semiconductor pressure sen-
sor are integrated.

2. Background Art

Inrecent years, semiconductor pressure sensors are used in
various fields including automobiles. An example of semi-
conductor pressure sensors is a semiconductor pressure sen-
sor integrated on a CMOS (Complementary Metal Oxide
Semiconductor) circuit. A CMOS integrated pressure sensor
is proposed which aims to achieve further size reduction,
lower cost and higher accuracy (e.g., see Japanese Patent No.
4267322)

In this conventional semiconductor pressure sensor, a
region in which a CMOS circuit is formed (MOS region) and
aregion in which a pressure sensor is formed (pressure sensor
region) are defined on a semiconductor substrate. In the MOS
region, a CMOS circuit is formed which includes an n-chan-
nel type MOS transistor and a p-channel type MOS transistor.
Inthe pressure sensor region, a capacitative pressure sensor is
formed. In the capacitative pressure sensor, a fixed electrode
and a movable electrode are formed, and a vacuum chamber
is provided between a fixed electrode and a movable elec-
trode. The vacuum chamber is sealed with a sealing film. The
pressure is measured by detecting a change in the distance
between the movable electrode and the fixed electrode as a
change in the capacitance value.

SUMMARY OF THE INVENTION

Conventionally, a step of forming a pressure sensor is a step
different from the step of forming a CMOS circuit. That is, a
step of forming a sacrificial film to form a vacuum chamber,
a step of forming a movable electrode and a step of forming a
sealing film to seal the vacuum chamber are added to the
CMOS process as dedicated steps for forming the pressure
sensor. When removing the sacrificial film by etching, it is
necessary to form a protective film to protect the MOS region
before that step, remove the sacrificial film and then remove
the protective film. This results in a problem of the process
steps becoming long and complicated.

Moreover, the vacuum chamber disposed below the mov-
able electrode is formed before the process of the MOS region
ends. Thus, it is necessary to take measures for sticking
through wet processing or the like so that the movable elec-
trode is not stuck. This causes a problem that care is required
when handling the sensor section in the process.

In view of the above-described problems, an object of the
present invention is to provide a method for manufacturing a
semiconductor device which can facilitate manufacturing.

According to the present invention, a method for manufac-
turing a semiconductor device includes: simultaneously
forming first and second well regions on a semiconductor
substrate, wherein the second well region becomes a fixed
electrode; simultaneously forming a first gate insulating film
on the first well region and a fixed electrode protective film on
the second well region; simultaneously forming a floating
gate electrode on the first gate insulating film and a sacrificial
film on the fixed electrode protective film; simultaneously
forming a second gate insulating film on the floating gate
electrode and a movable electrode protective film on the
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sacrificial film; simultaneously forming a gate electrode on
the second gate insulating film and a movable electrode on the
movable electrode protective film; removing the sacrificial
film to form a void by; and vacuum-sealing the void to form
a vacuum chamber.

In the present invention, achieving commonality between
the MOS structure forming process and the pressure sensor
forming process can facilitate manufacturing.

Other and further objects, features and advantages of the
invention will appear more fully from the following descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1 to 13 are cross-sectional views illustrating a
method according to an embodiment of the present invention.

FIG. 14 is a cross-sectional view illustrating a detection
pressure sensor according to an embodiment of the present
invention.

FIG. 15 is a cross-sectional view illustrating a reference
pressure sensor according to an embodiment of the present
invention.

FIGS. 16 and 17 are cross-sectional views illustrating
modifications of the reference pressure sensor according to
the embodiment of the present invention.

FIG. 18 is a plan view illustrating a pressure sensor region
according to the embodiment of the present invention.

FIG. 19 is an enlarged cross-sectional view illustrating the
pressure sensor region according to the embodiment of the
present invention.

FIG. 20 is an enlarged cross-sectional view illustrating a
modification of the pressure sensor region according to the
embodiment of the present invention.

FIG. 21 is a plan view illustrating the modification of the
pressure sensor region according to the embodiment of the
present invention.

FIG. 22 is a plan view illustrating a modification of the
pressure sensor region according to the embodiment of the
present invention.

FIG. 23 is a plan view illustrating a modification of the
pressure sensor region according to the embodiment of the
present invention.

FIG. 24 is a cross-sectional view along B-B in FIG. 23.

FIG. 25 is a plan view illustrating a modification of the
pressure sensor region according to the embodiment of the
present invention.

FIG. 26 is a cross-sectional view along C-C in FIG. 25.

FIG. 27 is a plan view illustrating a first example of the
movable electrode array single units connected in parallel.

FIG. 28 is a plan view illustrating a second example of
movable electrode array single units connected in parallel.

FIG. 29 is a plan view illustrating one movable electrode
array single unit in FIG. 28.

FIG. 30 is a plan view illustrating a reference pressure
sensor according to the embodiment of the present invention.

FIG. 31 is a plan view illustrating modification 1 of the
reference pressure sensor according to the embodiment of the
present invention.

FIG. 32 is a plan view illustrating modification 2 of the
reference pressure sensor according to the embodiment of the
present invention.

FIG. 33 is a cross-sectional view illustrating a modification
of'the pressure sensor region according to the embodiment of
the present invention.
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FIG. 34 is a plan view illustrating a modification of the
pressure sensor region according to the embodiment of the
present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIGS. 1 to 13 are cross-sectional views illustrating a
method according to an embodiment of the present invention.
As shown in FIG. 1, a silicon substrate 11 of a semiconductor
device 10 includes a pressure sensor region 16 in which a
pressure sensor is formed and a MOS region 17 in which a
CMOS (Complementary Metal Oxide Semiconductor) cir-
cuit is formed. An n-type well region 12 is formed in the
pressure sensor region 16 and an n-type well region 13 and a
p-type well region 14 are formed in the MOS region 17 on the
surface of this silicon substrate 11. The well region 12 of the
pressure sensor region 16 functions as a fixed electrode of the
pressure sensor.

More specifically, a silicon oxide film and a silicon nitride
film (not shown) are formed in that order so as to cover the
p-type silicon substrate 11. Next, a resist mask (not shown) is
formed in which a region where an NMOS (Negative Channel
Metal Oxide Semiconductor) of the MOS region is opened
and etching processing is applied using this resist mask as an
etching mask and the silicon nitride film of the region in
which the NMOS is formed is removed. Using this resist
mask as an injection mask, p-type impurity (e.g., boron) for
forming the well region 14 is injected. Then, the resist mask
is removed.

Next, a relatively thick silicon oxide film (not shown) is
formed on the surface of the well region 14 from which the
silicon nitride film has been removed by applying thermal
oxidation processing. Next, the silicon nitride film is
removed. Next, using the silicon oxide film as an injection
mask, n-type impurity (e.g., phosphor) is injected to form the
well region 12 of the pressure sensor region and the well
region 13 of the MOS region.

Next, by applying annealing processing under a predeter-
mined condition, the injected p-type impurity and n-type
impurity are activated and diffused. After that, the silicon
oxide film which remains on the surface of the silicon sub-
strate 11 is removed.

Next, as shown in FIG. 2, a field oxide film 19 is formed in
the pressure sensor region 16 and the MOS region 17 using a
LOCOS (Local Oxidation of Silicon) method. The film thick-
ness of the field oxide film 19 is on the order 0 0.2 to 1.0 um.
An underlay oxide film 21 is formed on the surfaces of the
well region 12, the well region 13 and the well region 14. A
semiconductor element such as MOS transistor formed in a
region defined by the field oxide film 19 is electrically insu-
lated by the field oxide film 19 and a field dopant 20 formed
right therebelow.

More specifically, the underlay oxide film 21, a polysilicon
film (not shown) and a silicon nitride film (not shown) are
formed in that order on the surface of the silicon substrate 11.
Next, by applying predetermined photoengraving processing,
a resist mask (not shown) for forming the field oxide film 19
is formed. By applying etching processing using this resist
mask as an etching mask, the silicon nitride film is removed
from the portion in which the field oxide film 19 is formed.
After that, the resist mask is removed. Next, aresist mask (not
shown) is formed to form a field dopant through photoengrav-
ing processing again. Using this resist mask as an injection
mask, p-type impurity (e.g., boron) is injected in the portion
which becomes the field dopant. After that, the resist mask is
removed.
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Next, by applying oxidation processing under a predeter-
mined condition, the portion from which the silicon nitride
film has been removed is locally oxidized and the field oxide
film 19 is formed. At this time, the injected p-type impurity is
activated and the field dopant 20 is formed. Then, the remain-
ing silicon nitride film is removed.

Next, as shown in FIG. 3, a sacrificial film 235 in the
pressure sensor region 16 and an EPROM (Erasable Program-
mable Read Only Memory) floating gate electrode 23 in the
MOS region 17 are simultaneously formed using the same
material. More specifically, thermal oxidation processing is
applied to the silicon substrate 11 from which the underlay
oxide film 21 has been removed to thereby simultaneously
form a first gate oxide film 22a (film thickness of on the order
of'5 to 30 nm) on the surface of the exposed silicon substrate
11 in the MOS region 17 and a fixed electrode protective film
22b on the surface of the exposed silicon substrate 11 in the
pressure sensor region 16. This fixed electrode protective film
22b becomes a protective film of the well region 12 which
becomes the fixed electrode when the sacrificial film which
will be described later is removed by etching and the first gate
oxide film 22a becomes an EPROM gate oxide film to be
formed in the MOS region 17.

Next, apolysilicon film (not shown) is formed usinga CVD
(Chemical Vapor Deposition) method so as to cover the first
gate oxide film 22¢ and the fixed electrode protective film
22b. Phosphor is introduced during or immediately after
forming this polysilicon film using a well-known method so
as to obtain conductivity as the n-type polysilicon film. Next,
by applying photoengraving processing, a resist mask (not
shown) is formed to pattern the sacrificial film and the floating
gate. By applying predetermined etching processing thereto
using this resist mask as an etching mask, the polysilicon film
is patterned, the sacrificial film 235 is formed in the pressure
sensor region 16 and the EPROM floating gate electrode 23
(film thickness of on the order of 50 to 300 nm) is formed in
the MOS region 17. As will be described later, by removing
this sacrificial film 235, a vacuum chamber is formed. After
that, the resist mask is removed.

Next, for example, a thermal oxidation method is used to
simultaneously form a second gate oxide film 25a (film thick-
ness of on the order of 5 to 30 nm) so as to cover the floating
gate electrode 23 in the MOS region 17 and a first movable
electrode protective film 255 so as to cover the sacrificial film
2354 in the pressure sensor region 16. Next, a CVD method is
used to simultaneously form a first silicon nitride film 27a
(film thickness of on the order of 5 to 30 nm) so as to cover the
second gate oxide film 254 in the MOS region 17 and a second
movable electrode protective film 275 in the pressure sensor
region 16. The first movable electrode protective film 2556 and
the second movable electrode protective film 276 become
protective films for the movable electrode when removing the
sacrificial film through etching processing. The movable
electrode will be described later.

Thus, the fixed electrode protective film 225 that protects
the well region 12 which becomes the fixed electrode and the
first gate oxide film 22a are simultaneously formed. The
sacrificial film 235 which becomes a vacuum chamber and the
EPROM floating gate electrode 23 are simultaneously
formed. The first movable electrode protective film 255 that
protects the movable electrode and the second gate oxide film
25a are formed simultaneously. The second movable elec-
trode protective film 275 that protects the movable electrode
and the first silicon nitride film 27a are formed simulta-
neously. This eliminates the necessity for a dedicated step of
forming a pressure sensor.
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Next, a resist mask (not shown) is formed to expose the
well region 13 in which a p-channel type MOS transistor is
formed and cover the other region. Using this resist mask as
an injection mask, predetermined impurity (e.g., boron) for
controlling a threshold voltage of the p-channel type MOS
transistor is injected. After that, the resist mask is removed.
Furthermore, a resist mask (not shown) is formed to expose
the well region 14 in which an n-channel type MOS transistor
is formed and cover the other region. Using this resist mask as
an injection mask, predetermined impurity (e.g., boron) for
controlling a threshold voltage of the n-channel type MOS
transistor is injected. After that, the resist mask is removed.

Next, a resist mask (not shown) is formed to expose the
well region 13 and the well region 14 in the MOS region 17
and cover the other region. Using this resist mask as an
injection mask, the first gate oxide film 224, the second gate
oxide film 25q and the first silicon nitride film 27a are
removed by etching to expose the surface of the silicon sub-
strate 11. After that, the resist mask is removed.

Next, as shown in FIG. 4, thermal oxidation processing is
applied, a third gate oxide film 295 (film thickness of on the
order of 5 to 30 nm) is formed on the surface of the well region
13, and a third gate oxide film 294 (film thickness of on the
order of 5 to 30 nm) is formed on the surface of the well region
14.

Next, as shown in FIG. 5, a movable electrode 304 in the
pressure sensor region 16, gate electrodes 30a and 305 of the
p-channel type and n-channel type MOS transistor and an
EPROM gate electrode 30c¢ in the MOS region 17 are formed
simultaneously. More specifically, a conductive film 30 is
formed so as to cover the first silicon nitride film 27a, the
second movable electrode protective film 275 and the third
gate oxide films 294 and 295. This conductive film 30 is a
laminated film having a two-layer structure of a polysilicon
film (film thickness of on the order of 50 to 300 nm) and a
tungsten silicide (WSi,) film (film thickness of on the order of
5010300 nm), a so-called poly-side film. The polysilicon film
is formed using a CVD method and is converted to an n-type
polysilicon film by introducing phosphor during or immedi-
ately after the formation thereof. The tungsten silicide film is
formed so as to cover the polysilicon film using a sputtering
method or CVD method. The conductive film 30 may be a
laminated film composed of a polysilicon film and a titanium
silicide (TiSi,) film.

Next, a resist mask (not shown) for patterning an EPROM
gate electrode is formed. The conductive film 30 in the region
in which the EPROM in the MOS region 17 is formed, the first
silicon nitride film 274, the second gate oxide film 254 and the
floating gate electrode 23 are patterned by applying etching
processing using this resist mask as an etching mask. After
that, the resist mask is removed.

Next, as shown in FIG. 6, a first source-drain region 33 is
formed by injecting n-type impurity (e.g., phosphor) using
the EPROM gate electrode as an injection mask. Next, a resist
mask (not shown) is formed to pattern the gate electrode of a
p-channel type MOS transistor, and the gate electrode and the
movable electrode of an n-channel type MOS transistor. By
applying etching processing to the conductive film 30 using
this resist mask as an etching mask, a gate electrode 30a of the
n-channel type MOS transistor and a gate electrode 305 of the
p-channel type MOS transistor are patterned in the MOS
region 17. On the other hand, a movable electrode 304 as a
diaphragm is patterned in the pressure sensor region 16. After
removing the resist mask, the first source-drain region 33 is
activated by applying heat treatment under a predetermined
condition.
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Next, a resist mask (not shown) is formed to expose only
the portion in which the n-channel type MOS transistor is
formed and cover the other region. An LDD (Lightly Doped
Drain) region is formed as shown in FIG. 7 using this resist
mask and the gate electrode 305 as injection masks and inject-
ing n-type impurity (e.g., phosphor). After that, the resist
mask is removed. Next, for example, a TEOS (Tetra Ethyl
Ortho Silicate) film (not shown) is formed so as to cover the
gate electrodes 30a, 305 and 30c¢, and the movable electrode
30d. By applying anisotropic dry etching processing to the
entire surface of this TEOS film, sidewall oxide films 34 are
formed on the sidewall surfaces of the gate electrodes 30a,
305 and 30c¢ and the sidewall surface of the movable electrode
30d respectively. This reduces height differences in the
periphery of the movable electrode 304d.

Next, in the well region 14, a resist mask (not shown) is
formed to expose the portion in which the n-channel type
MOS transistor is formed and cover the other region. A sec-
ond source-drain region 37 is formed using this resist mask
and the gate electrode 305 as injection masks and injecting
n-type impurity (e.g., phosphor). After that, the resist mask is
removed. Next, a resist mask (not shown) is formed to expose
the region in which the p-channel type MOS transistor is
formed in the well region 13 and cover the other region. A
third source-drain region 36 is formed using this resist mask
and the gate electrode 30q as injection masks and injecting
p-type impurity. After that, the resist mask is removed.

Next, the second source-drain region 37 and the third
source-drain region 36 are activated by applying annealing
processing under a predetermined condition. Next, a silicon
oxide film 35 is formed so as to cover the gate electrodes 30a,
305 and 30c¢, and the movable electrode 30d using, for
example, a CVD method.

Next, as shown in FIG. 8, a TEOS-based oxide film 38 is
formed so as to cover the silicon oxide film 35. A conductive
polysilicon film (not shown) which becomes a shield film is
formed so as to cover this oxide film 38 using a CVD method.
This polysilicon film is converted to an n-type polysilicon
film by introducing phosphor during or immediately after the
formation of the polysilicon film using a well-known method.

Next, the exposed polysilicon film is removed by applying
photoengraving processing thereto and a shield film 39 that
covers the movable electrode 304 is formed. After that, the
resist mask is removed. At this time, since height differences
in the periphery of the movable electrode 304 are reduced by
the sidewall oxide films 34, it is possible to prevent wire
breakage of the shield film 39 due to cracks or insufficient
coverage and increase the degree of freedom in setting the
film thickness of the shield film.

Inthe pressure sensor region 16, the sum total of respective
film thicknesses of the first movable electrode protective film
25b, the second movable electrode protective film 275, the
movable electrode 30d, the oxide films 35 and 38, and the
shield film 39 is a film thickness of a diaphragm of the pres-
sure sensor and this thickness determines a sensitivity char-
acteristic with respect to a change in an external pressure.

Thus, the first movable electrode protective film 254, the
second movable electrode protective film 275 and the mov-
able electrode 30d in the pressure sensor region 16, and the
second gate oxide film 25a, the first silicon nitride film 27a
and the gate electrodes 30a, 305 and 30c¢ in the MOS region
17 are formed simultaneously. The same heat treatment con-
dition is also applied to both regions. Although there is a
constraint on a drastic change as the pressure sensor, a change
can be made in accordance with the specification of a semi-
conductor element such as a MOS transistor formed in the
MOS region.
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Furthermore, by adjusting respective film thicknesses and
forming methods of the shield film 39 and the oxide film 38,
it is possible to control the sensitivity characteristic with
respect to an initial capacitance value (amount of warpage of
the movable electrode 30d) of the movable electrode 30d.
Furthermore, the sensitivity characteristic with respect to a
pressure can also be controlled. The film thickness of the
shield film 39 is on the order of 50 to 1000 nm.

Since the shield film 39 covers the movable electrode 304
via the oxide film 38, it is possible to prevent the movable
electrode 304 form directly contacting the outside. In addi-
tion, by connecting the shield film 39 to a grounding potential,
it is possible to block influences of charge or the like from the
outside and reduce characteristic variations of the pressure
sensor. Note that in the case of a pressure sensor not requiring
high accuracy, the shield film 39 may be omitted. In this case,
the dedicated step of the pressure sensor region may be omit-
ted.

Next, as shown in FIG. 9, an inter-layer insulating film 40
is formed so as to cover the oxide film 38 and the shield film
39. The inter-layer insulating film 40 has a laminated struc-
ture of a TEOS film 404, a BPSG (Boron Phosphorus Silicate
Glass) film 406 and a TEOS film 40c. As the inter-layer
insulating film 40, other oxide films may be applied without
being limited to these films. Etch back processing of the
BPSG film 405 may also be performed on the inter-layer
insulating film 40 as flattening processing. In addition, CMP
(Chemical Mechanical Polishing) processing may also be
performed.

Next, a resist mask (not shown) is formed to form a contact
hole through photoengraving processing. Using this resist
mask as an etching mask, etching processing is performed
under a condition conforming to the specification of the semi-
conductor element formed in the MOS region 17. Thus, con-
tact holes 41a which penetrate the inter-layer insulating film
40 or the like to expose the first source-drain region 33, the
second source-drain region 37 and the third source-drain
region 36 are formed in the MOS region 17. On the other
hand, in the pressure sensor region 16, a contact hole 415 that
exposes the shield film 39 is formed. A well region 12 (not
shown) which becomes a fixed electrode of the pressure sen-
sor region 16 and a contact hole of the movable electrode 304
are also formed simultaneously. After that, the resist mask is
removed.

As etching processing, wet etching and dry etching may be
combined to form the contact holes 41a and 415. In this case,
the contact holes 41a and 415 have a shape which expands
toward the top of the opening. Moreover, the contact holes
41a and 415 may also be formed by only dry etching.

Next, as shown in FIG. 10, first wirings 43a and 435 using
ametal film are formed. More specifically, a barrier metal film
and an aluminum silicon copper (AlSiCu) film (neither is
shown) are formed so as to cover the inter-layer insulating
film 40. As the barrier metal film, for example, a titanium
nitride (TiN) film is used. By patterning this aluminum silicon
copper or the like, the first wiring 43a is formed in the MOS
region 17 and the wiring 435 is formed in the pressure sensor
region 16. More specifically, a resist mask is formed on the
aluminum silicon copper, and using the resist mask as an
etching mask, etching processing is applied to the aluminum
silicon copper and the barrier metal film. After that, the resist
mask is removed and the first wirings 43a and 435 are thereby
formed. The first wiring 43a is electrically connected to the
first source-drain region 33, the second source-drain region
37 and the third source-drain region 36. The wiring 435 is
electrically connected to the shield film 39, the well region 12
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that becomes the fixed electrode (not shown) of the pressure
sensor region 16 and the movable electrode 304.

For the first wirings 43« and 435, a tungsten plug may be
formed in the contact holes 41a and 4154, and a barrier metal
and an aluminum copper (AlCu) film may be then formed and
patterned. Barrier metals appropriate for such a configuration
are, for example, titanium silicide (TiSi,) or cobalt silicide
(CoSi,) film.

Next, an inter-layer insulating film 45 is formed so as to
cover the first wirings 43a and 435. The inter-layer insulating
film 45 is formed under a condition conforming to the speci-
fication of a semiconductor element formed in the MOS
region 17. For the inter-layer insulating film 45, an LTO (Low
Temperature Oxide) film, for example, is suitable. A lami-
nated structure including an SOG (Spin on Glass) film may be
adopted for flattening. Moreover, CMP processing may be
applied as in the case of the inter-layer insulating film 40. This
inter-layer insulating film 45 becomes a surface protective
film for the pressure sensor region 16 and the MOS region 17
during sacrificial film etching in a post-process.

Next, by applying photoengraving processing, a resist
mask (not shown) is formed to form an etching hole 465
shown in FIG. 11. The etching hole 465 is formed by applying
etching processing to the insulating films such as the inter-
layer insulating films 40 and 45 using this resist mask as an
etching mask. After that, the resist mask is removed. Note that
by forming the etching hole 465 on the field oxide film 19, a
process margin during sacrificial film etching improves.

Next, as shown in FIG. 11, an etchant is introduced through
the etching hole 465, the sacrificial film 235 made of a poly-
silicon film is removed by etching and a void 50 is formed. As
a chemical solution for this etching processing, for example,
TMAH (Tetra Methyl Ammonium Hydroxide) of a wet
etchant is used. Since TMAH has a selection ratio of poly-
silicon of the sacrificial film 2356 and the inter-layer insulating
film 45 of as high as 5000 to 10000 or above, elements in the
MOS region 17 and the pressure sensor region 16 can be
protected by the inter-layer insulating film 45 formed in a
process conforming to the specification of the elements in the
MOS region 17. Note that the sacrificial film 2356 may be
etched by dry etching using XeF, (xenon difluoride) or the
like. Moreover, by forming the etching holes 465 at mutually
opposing both ends of the movable electrode 304, it is pos-
sible to shorten the sacrificial film etching time.

The inter-layer insulating film 45 formed in the process
conforming to the specification of the element in the MOS
region 17 is used to protect the element in the MOS region 17
and the pressure sensor region 16 when etching the sacrificial
film 2354. This allows standardization with the CMOS process
and makes it possible to realize heat treatment to the MOS
region 17 and prevent process damage of dry etching or the
like. This facilitates manufacturing of a semiconductor device
and prevents characteristic deterioration.

Next, as shown in FIG. 12, the void 50 formed by removing
the sacrificial film 235 is vacuum-sealed to be converted to a
vacuum chamber 51. First, for example, using a plasma CVD
method, a first sealing film 485 such as a plasma TEOS film is
formed with a film thickness of on the order of 0.5 to 1.0 um
under a condition conforming to the specification of the semi-
conductor element formed in the MOS region 17 (relatively
low temperature condition or the like). At this time, in order to
form a film in vacuum, the void 50 is decompressed and
converted to the vacuum chamber 51, and the vacuum cham-
ber 51 is vacuum-sealed by the first sealing film 485. After
that, for example, using a plasma CVD method, a silicon
nitride film (not shown) on the order of 0.5 to 1.0 pm which
becomes a passivation film is formed so as to cover the first
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sealing film 485 under a condition conforming to the speci-
fication of the semiconductor element formed in the MOS
region 17 (relatively low temperature condition or the like).

Next, a resist mask (not shown) is formed to expose the
portion of the pressure sensor region 16 in which the movable
electrode opening is formed and the portion of the MOS
region in which a pad opening is formed. By applying etching
processing using this resist mask as an etching mask, the
silicon nitride film in the region corresponding to the movable
electrode opening and the pad opening is removed. In this
way, a passivation film 52« is formed in the MOS region 17
and a second sealing film 525 for sealing the etching hole 465
is formed in the pressure sensor region 16. This causes the
vacuum chamber 51 to be double-sealed with the first sealing
film 485 and the second sealing film 525, enabling vacuum
sealing with high reliability.

Commonality with the CMOS process is made possible by
forming the first sealing film 485 and the second sealing film
52b of the pressure sensor region 16 in the process conform-
ing to the specification of the element of the MOS region 17.
Moreover, it is possible to prevent process damage in heat
treatment, dry etching or the like to the MOS region 17,
facilitate manufacturing of the semiconductor device and pre-
vent characteristic deterioration.

Next, as shown in FIG. 13, a movable electrode opening
545 is formed in the pressure sensor region 16 and a pad
opening 54aq is formed in the MOS region 17. More specifi-
cally, first, a resist mask (not shown) is formed to form the
movable electrode opening 545 in the pressure sensor region
16 and the pad opening 54a in the MOS region 17. Using this
resist mask as an etching mask, dry etching processing or
etching processing that combines wet etching and dry etching
processing is performed. Thus, by etching the inter-layer
insulating films 40 and 45 on the movable electrode 304, the
movable electrode opening 545 and the pad opening 544 are
formed. The main parts of the semiconductor pressure sensor
are thus formed.

The shield film 39 made of a conductive polysilicon film
functions as an etching stopper film when the movable elec-
trode opening 545 is formed. Furthermore, the shield film 39
protects the movable electrode 304 from etching damage.

Furthermore, since the step of removing the sacrificial film
23b and forming the void 50 and the step of sealing the
etching hole 465 (vacuum chamber 51) with the first sealing
film 485 are performed before forming the movable electrode
opening 545, the inter-layer insulating film 40 and the inter-
layer insulating film 45 are laminated on the movable elec-
trode 30d, and sufficient rigidity is provided on the movable
electrode 30d. This prevents sticking of the movable elec-
trode 30d in the step of forming the void 50 and the step of
sealing the vacuum chamber 51. That is, this prevents the
movable electrode 304 from sticking on the fixed electrode
(well region 12) side under the influence of surface tension
during wet etching processing.

One side of the movable electrode 30d in the pressure
sensor region 16 is open to an external space via the movable
electrode opening 5454. This causes the movable electrode 304
to displace in accordance with an external pressure and causes
the distance (gap) between the fixed electrode (well region
12) and the movable electrode 304 to change. The semicon-
ductor pressure sensor detects this change of distance as a
change of'the capacitance value to thereby measure a pressure
value. Furthermore, setting the pressure of the vacuum cham-
ber 51 located right below the movable electrode 304 to a
reference pressure allows the semiconductor pressure sensor
to function as an absolute pressure sensor.
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The semiconductor pressure sensor is a capacitative semi-
conductor pressure sensor that measures a capacity change as
a pressure value, and as the capacitance value, a pressure
value is measured using a change of the distance between the
movable electrode 304 and the fixed electrode (well region
12) as a change of the capacitance value. The capacitance
value is a total capacitance value summing up a capacitance
value A of the fixed electrode protective film 224 located
between the fixed electrode (well region 12) and the vacuum
chamber 51, respective capacitance values B and C of the first
movable electrode protective film 255 and the second mov-
able electrode protective film 275 located between the mov-
able electrode 30d and the vacuum chamber 51, and a capaci-
tance value D of the vacuum chamber 51. Of these
capacitance values, only the capacitance value D of the
vacuum chamber 51 varies depending on an external pres-
sure, and it is therefore necessary to accurately grasp initial
capacitance values (initial values) of the capacitance values A
to C respectively to more accurately measure a pressure
value.

However, it is difficult to grasp the initial value of the
capacitance value A in the fixed electrode protective film 225
due to a variation of film thickness when forming the first gate
oxide film 22a which becomes this fixed electrode protective
film 225 and a variation of the amount of film reduction of the
fixed electrode protective film 225 when removing the sacri-
ficial film 235 by etching. It is also difficult to grasp the initial
value of the capacitance value B due to a variation of film
thickness when forming the second gate oxide film 254 which
becomes the first movable electrode protective film 255 and a
variation of the amount of film reduction of the first movable
electrode protective film 255 when removing the sacrificial
film 235 by etching. It is also difficult to grasp the initial value
of'the capacitance value C due to a variation of film thickness
when forming the first silicon nitride film 27a which becomes
the second movable electrode protective film 274.

FIG. 14 is a cross-sectional view illustrating a detection
pressure sensor according to an embodiment of the present
invention. FIG. 15 is a cross-sectional view illustrating a
reference pressure sensor according to an embodiment of the
present invention. To cancel variations of initial values as
described above, a reference pressure sensor 165 as shown in
FIG. 15 may also be provided near a detection pressure sensor
16a shown in FIG. 14. The detection pressure sensor 16a and
the reference pressure sensor 166 are formed of the second
well region 12, the fixed electrode protective film 225, the
movable electrode protective films 255 and 275, the movable
electrode 304, and the vacuum chamber 51 or the like.

In the detection pressure sensor 16a, four movable elec-
trode anchors 31a arranged in an array shape support the
movable electrode 304, whereas in the reference pressure
sensor 165, the reference electrode anchors 315 arranged
between the movable electrode anchors 31a also support the
movable electrode 30d. Therefore, even when an external
pressure applies, the movable electrode 304 in the reference
pressure sensor 165 is less likely to displace than in the
detection pressure sensor 16a. Therefore, it is possible to
cancel out the variation of the initial value of the capacitance
value by subtracting the change of the capacitance value of
the reference pressure sensor 165 from the change of the
capacitance value of the pressure sensor of the detection
pressure sensor 16a. This makes it possible to more accu-
rately detect a change of the capacitance value due to an
external pressure change and measure a pressure value with
higher accuracy.

FIGS. 16 and 17 are cross-sectional views illustrating
modifications of the reference pressure sensor according to



US 9,187,315 B2

11

the embodiment of the present invention. As shown in FIG.
14, in the detection pressure sensor 164, the inter-layer insu-
lating films 40 and 45 on the movable electrode 304 are left
open, whereas as shown in FIGS. 16 and 17, the inter-layer
insulating films 40 and 45 may remain without being opened
onthe movable electrode 304 in the reference pressure sensor.
This makes it possible to obtain the reference pressure sensor
165 which is less likely to displace with respect to a pressure
change.

FIG. 18 is a plan view illustrating a pressure sensor region
according to the embodiment of the present invention. The
cross-sectional views of the pressure sensor region 16 in
FIGS. 1 to 13 correspond to a part A-A in FIG. 18. The
sacrificial film 235 of the pressure sensor is formed simulta-
neously with the polysilicon film of the EPROM floating gate
electrode 23 (film thickness of on the order of 50 to 300 nm)
of'the MOS region 17. The movable electrode 304 is formed
simultaneously with the gate electrode of the MOS region 17
(e.g., polysilicon film having a film thickness of on the order
of 50 to 300 nm and tungsten silicide (WSi,) film having a
film thickness of on the order of 50 to 300 nm). Therefore, the
pressure sensor region 16 is formed in the same structure as
that conforming to characteristics of the element of the MOS
region 17. Thus, the pressure sensor region 16 is structured to
have a low void 50 which is formed by etching the sacrificial
film 236 and a movable electrode 30d of a small film thick-
ness.

Therefore, the change in capacitance between the movable
electrode 30d and the well region 12 which becomes the fixed
electrode with respect to a pressure change becomes too
large, the linearity of a capacitance change with respect to the
pressure change may deteriorate or even a small pressure
change may cause the movable electrode 304 to come into
contact with the fixed electrode. Therefore, the size of the
movable electrode 30d needs to be reduced.

However, the initial capacitance of the pressure sensor
needs to have a large value (on the order of several pF) to a
certain degree to obtain the amount of capacitance change
detectable from a pressure change. Thus, it is possible to form
etching holes of the sacrificial film 236 and connection con-
tact holes between the fixed electrode or movable electrode
304 and each aluminum lead wiring respectively in the small
movable electrode 304 and connect the small movable elec-
trode 304 in parallel using an aluminum wiring. However, this
may increase the setup area of the pressure sensor, causing a
cost increase, which is actually difficult to implement.

Therefore, forming etching holes 465 and contact holes in
the movable electrode 304, the first well 12 which becomes
the fixed electrode and the shield film 39 respectively and the
small movable electrodes 304 in correspondence with a mov-
able electrode array single unit 10a in which the small mov-
able electrodes 304 are connected and arranged in an array
shape, and connecting them with an aluminum wiring can
drastically reduce the arrangement area. The size of the mov-
able electrode array single unit 10a is determined by the
length ofthe sacrificial film 235 that can be etched and formed
into the void 50 and the pressure sensor initial capacitance
value required.

When the sacrificial film of the well region 12 to be the
fixed electrode is etched, the protective film is the fixed elec-
trode protective film 225 made of a film of the same material
as that of the first gate oxide film 224, and this first gate oxide
film 22a is as extremely thin as on the order of 5 to 30 nm.
When sacrificial film etching is performed using TMAH, if a
selection ratio of the sacrificial film 235 made of a film of the
same material as that of the floating gate electrode 23 and the
fixed electrode protective film 2256 made of a film of the same
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material as that of the first gate oxide film 224 is assumed to
be 10000, the thickness of the fixed electrode protective film
225 is assumed to be 20 nm and the allowable amount of film
reduction by sacrificial film etching is assumed to be 10 nm
which corresponds to/1;2 of the initial film thickness, then a
maximum width of the sacrificial film 235 within which the
etching hole 465 can be formed at both ends of the sacrificial
film 235 is 200 pm.

The movable electrode 304 is supported at four points by
movable electrode anchors 31a inside a field region enclosed
by the field oxide film 19. 4x4 movable electrodes 304 are
connected and arranged in an array shape. The movable elec-
trode anchor 31a is formed of a film of the same material as
that of the movable electrode 304 by depositing the film to be
the movable electrode 304 after opening the portion of the
sacrificial film 235 in which the movable electrode anchor is
formed.

The fixed electrode is the well region 12 formed inside the
field region enclosed by the field oxide film 19. The well
region 12 is formed simultaneously with the well region 13 of
the MOS region 17. To secure the potential of this fixed
electrode, the well region 12 is formed up to the fixed elec-
trode contact hole 414 of the field portion enclosed by the
field oxide film 19. The wiring 4356 to be connected to the
fixed electrode contact hole 41d is arranged at a position
where the protective region 495 is provided from the movable
electrode opening 544.

The etching hole 465 which is an etchant introducing hole
during etching of the sacrificial film 235 is formed on the
sacrificial film 235 on the field oxide film 19 which is an
extension of a sealing region 49 from the movable electrode
opening 545 of a portion in which the pressure sensor capaci-
tance is formed of an area where the first well 12 inside the
field region enclosed by the field oxide film 19 and the mov-
able electrode 304 overlap with each other. That is, the etch-
ing holes 465 which are etchant introducing holes during
sacrificial film etching are formed on the field oxide film 19 at
both ends of the sacrificial film 2356 which becomes the void
50 (vacuum chamber 51) by sacrificial film etching. This
eliminates the necessity for worrying about a film reduction
of the fixed electrode protective film 2256 by sacrificial film
etching until sacrificial film etching reaches the inside of the
field region enclosed by the field oxide film 19 in which the
fixed electrode and the movable electrode 30d face each other
in the vertical direction to form a pressure sensor. That is, the
movable electrode array single unit 10a with a greater area
can be formed.

The shield film 39 is formed so as to cover the movable
electrode 304 and the well region 12 via an insulating film
such as the TEOS film 38. However, the fixed electrode con-
tact hole 41d, the movable electrode contact holes 41¢, and
the etching holes 465 are left open. The shield film 39 has not
only an electrical shield function but also a function of pro-
tecting the movable electrode 304 during an etching process
of'the movable electrode opening 545, and therefore the mov-
able electrode opening 545 and the shield film 39 need to be
designed with a sufficient margin in consideration of super-
imposition misalignment of a photoengraving process and the
amount of side etching during opening etching. This shield
film 39 is a film formed only for the pressure sensorregion 16,
and the film thickness and formation process can be freely set
within a range that does not affect characteristics of the ele-
ment of the MOS region 17. Thus, it is possible to adjust the
method of forming the shield film 39 laminated on the mov-
able electrode 304 and the film thickness, and thereby adjust
the pressure sensor characteristics.
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The film that becomes the movable electrode 304 is a thin
film common to the gate electrode (e.g., polysilicon film (on
the order of 50 to 300 nm) and tungsten silicide (WSi,) film
(film thickness of on the order of 50 to 300 nm)) of the MOS
region 17. Therefore, the pressure sensor characteristics can
be adjusted even by a tiny change of the shield film 39 formed
of a conductive polysilicon film.

The inter-layer insulating film 40 (e.g., TEOS, BPSG,
TEOS laminated film) used ina CMOS process as standard is
laminated on the movable electrode 30d. Next, the contact
holes 41a of the MOS region 17 and the contact holes 415 of
the pressure sensor region 16 are formed, the first wirings 43a
and 435 which become respective aluminum wirings are
formed, and a film for protecting the aluminum wiring during
sacrificial film etching is laminated using the inter-layer insu-
lating film 45 with the inter-layer film (e.g., P-TEOS film or
the like) used in a CMOS process as standard. After that, the
etching hole 465 is opened and sacrificial film etching is
performed.

Therefore, in the step of forming the vacuum chamber 51,
that is, a period from sacrificial film etching to deposition of
the vacuum sealing film, the thin movable electrode 30d made
of'a film of the same material as the gate electrode of the MOS
region 17 has a structure in which the inter-layer insulating
film 40 and the second inter-layer insulating film (total film
thickness of on the order of 1000 to 200 nm) are laminated.
Therefore, the movable electrode 304 is covered with a thick
insulating film and it is possible to secure rigidity enough to
prevent the movable electrode 304 from sticking to the sub-
strate side during the step of forming the vacuum chamber 51.

In order to expose the shield film 39 on the movable elec-
trode 304 connected and arranged in an array shape after the
formation of the vacuum chamber 51, the inter-layer insulat-
ing films 40 and 45, and the first sealing film 485 are removed
through the movable electrode opening 545 and the second
sealing film 525 is removed through the passivation opening
55. In this case, the region from the movable electrode open-
ing 545 to the etching holes 465 becomes the sealing region
49, and the width of'this sealing region 49 becomes an impor-
tant parameter to maintain the vacuum chamber 51.

FIG. 19 is an enlarged cross-sectional view illustrating the
pressure sensor region according to the embodiment of the
present invention. The second sealing film 5256 (e.g.,
P-TEOS) made of a film of the same material (e.g., P—SiN)
as the passivation film 52¢ is laminated on the first sealing
film 485.

FIG. 20 is an enlarged cross-sectional view illustrating a
modification of the pressure sensor region according to the
embodiment of the present invention. The first sealing film
48bis formed on the inter-layer insulating films 40 and 45 and
in the etching hole 465. Around the etching holes 465, the first
sealing film 485 and the inter-layer insulating films 40 and 45
are etched and a sealing region opening 54¢ is formed. The
second sealing film 525 made of a film of the same material
(e.g., P—SiN) as that of the passivation film 524 is formed in
the sealing region opening 54c¢. This allows the etching hole
46b to be enclosed by the second sealing film 5256. The pas-
sivation film 52a which becomes the second sealing film is a
P—SiN film with excellent moisture resistance properties,
and can thereby improve reliability of the vacuum chamber
51 and at the same time reduce the width of the sealing region
49. As a result, this reduction in chip size allows a cost
reduction and improvement of reliability.

Furthermore, an opening is formed at a position of the
sacrificial film 235 in which the movable electrode anchors
31a of the movable electrode 30d to be formed in a post-
process are formed. In this way, a pressure sensor is formed in
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which the movable electrode 304 supported by four movable
electrode anchors 31a is arranged in a (4x4) array in the field
enclosed by the field oxide film 19.

FIG. 21 is a plan view illustrating the modification of the
pressure sensor region according to the embodiment of the
present invention. In FIG. 18, four movable electrode anchors
31a are arranged at respective vertices of the square movable
electrode 30d, whereas an 8-point support structure as shown
in FIG. 21 may also be adopted in which the center of each
side of the movable electrode 304 is also supported by the
movable electrode anchor 31a. When the movable electrode
30d ofthe 8-point support structure is connected and arranged
in an array shape, compared to a case where the movable
electrode 30d of the 4-point support structure is connected
and arranged in an array shape, a capacitance change with
respect to a pressure change is smaller, and therefore the area
of one movable electrode 304 needs to be increased. How-
ever, the linearity of the capacitance change with respect to
the pressure change improves. Furthermore, when the detec-
tion electrode and the reference electrode are considered as a
pair in the actual pressure sensor configuration, it is possible,
as shown in FIG. 15, to form the reference electrode less
movable with respect to a pressure change by adding the
reference electrode anchors 315 at the center of the movable
electrode 30d. This allows a pressure sensor with higher
accuracy to be formed.

FIG. 22 is a plan view illustrating a modification of the
pressure sensor region according to the embodiment of the
present invention. The shape of the movable electrode 304 is
circular. The circular movable electrode 304 is supported by
eight movable electrode anchors 31a. When the circular mov-
able electrodes 30d are arranged in an array shape, vacant
regions are generated between the movable electrodes 304,
and so the arrangement area increases. However, use of the
circular movable electrodes 304 improves breaking strength
when an excessive pressure is applied, allowing a pressure
sensor with higher reliability to be formed.

Returning to FIG. 18, the description of the shape example
in which four movable electrode anchors 31a are arranged at
respective vertices of the square movable electrode 304 will
be continued. The movable electrode 304 is formed in the
field region enclosed by the field oxide film 19. As in the case
of'the fixed electrode, the movable electrode 304 is formed by
extending the movable electrode 30d to the movable electrode
contact holes 41c on the field oxide film 19 to catch the
potential of the movable electrode 30d. This movable elec-
trode 30d is formed simultaneously with the gate electrodes
30a, 305 and 30c¢ of the p-channel MOS transistor, n-channel
MOS transistor and EPROM in the MOS region 17 respec-
tively.

Thus, a portion where the well region 12 which becomes
the fixed electrode in the field region enclosed by the field
oxide film 19 and the movable electrode 30d overlap with
each other via the sacrificial film 235 which becomes the void
50 (vacuum chamber 51) constitutes an pressure sensor por-
tion whose capacitance value changes in accordance with a
pressure change.

After the deposition of the inter-layer insulating film 40,
the movable electrode contact holes 41c¢, fixed electrode con-
tact holes 41d, sealed contact holes 41e to be electrically
connected are formed in the same process as that of the
element of the MOS transistor or the like of the MOS region
17. Next, the wiring 435 is formed by applying to the respec-
tive contact holes, the same process as that of the first wiring
434 of the element such as the MOS transistor of the MOS
region 17.



US 9,187,315 B2

15

Next, the inter-layer insulating film 45 is deposited as the
protective film for the first wiring 43a, wiring 435 or the like.
Next, the etching hole 465 to serve as an etchant introducing
hole for etching the sacrificial film 2354 is formed on the
sacrificial film 235. Next, sacrificial film etching is performed
using, for example, a TMAH etchant and the sacrificial film
23b portion is converted to the void 50. Next, to convert the
void 50 to the vacuum chamber 51, the first sealing film 486
is deposited under decompression to seal the etching hole
46b. The void 50 is thus converted to the vacuum chamber 51.
Next, the movable electrode 304, and the inter-layer insulat-
ing films 40 and 45, and the first sealing film 484 on the shield
film 39 are opened, the movable electrode opening 545 is
formed and the pressure sensor portion is made open to the
outside.

FIG. 23 is a plan view illustrating a modification of the
pressure sensor region according to the embodiment of the
present invention. FIG. 24 is a cross-sectional view along B-B
in FIG. 23. As in the case of the plan view in FIG. 18, the
region where there is no sacrificial film 235 outside the mov-
able electrode anchors 31a, the whole periphery of the mov-
able electrode anchors 31a has an anchor structure. The sen-
sitivity to a pressure of the movable electrode 304 in this
region is lower than that of the movable electrodes 304 in
other regions. Thus, in FIG. 23, a movable electrode compen-
sation region 30f'is formed on the perimeter of the movable
electrode detection region 30e. An interval between the mov-
able electrode anchors 31a in the movable electrode compen-
sation region 30f'is made smaller than the interval between
the movable electrode anchors 31a in the movable electrode
detection region 30e.

In the case of a 4-point support square movable electrode
304, by setting the width of the movable electrode compen-
sation region 30f'to on the order of 40% of the width of one
movable electrode 304, it is possible to make sensitivities
substantially equal to pressure changes in all regions of the
movable electrodes 304 connected and arranged in an array
shape. Furthermore, in the case of an 8-point support square
movable electrode 30d, by setting the width of the movable
electrode compensation region 30f'to on the order of 10% of
the width of one movable electrode 304, it is possible to make
sensitivities substantially equal to pressure changes in all
regions of the movable electrodes 30d connected and
arranged in an array shape. It is thereby possible to make
uniform sensitivities to pressures of all the movable elec-
trodes 30d connected and arranged in an array shape.

Moreover, the movable electrode compensation region 30f
is a region arranged to make uniform sensitivities to pressure
change of the respective movable electrodes of the movable
electrode detection region 30e. Preventing the capacitance
value of the movable electrode compensation region 30 from
being added to the pressure sensor capacitance will improve
the sensitivity to a pressure change. Thus, it is preferable to
form the movable electrode compensation region 30f on the
field oxide film 19 and form only the movable electrode
detection region 30e on the fixed electrode (first well 12) of
the field region enclosed by the field oxide film 19.

FIG. 25 is a plan view illustrating a modification of the
pressure sensor region according to the embodiment of the
present invention. FIG. 26 is a cross-sectional view along C-C
in FIG. 25. Thus, no well region 12 is formed right below the
movable electrode compensation region 30f'and the first well
12 is formed only below the movable electrode detection
region 30e. This makes the sensor more susceptible to process
variations, but improves sensitivity.

In the case where necessary sensitivity and initial capaci-
tance cannot be obtained in the movable electrode array

10

15

20

25

30

35

40

45

50

55

60

65

16

single unit 10a shown in FIGS. 18 to 26, the movable elec-
trode array single unit 10a may be connected in parallel. Inthe
case where the movable electrode array single unit 10q is
connected in parallel, the first well 12 that becomes the fixed
electrode and the movable electrode 304 are connected in
parallel using the aluminum wiring 4354. In this case, vacuum-
sealing each void 50 in the movable electrode array single unit
10a to form the vacuum chamber 51 may be advantageous
from the standpoint of reliability when a plurality of movable
electrode arrays are connected in parallel to obtain a large
capacitance value change and manufacturing is also simple.
More specifically, even if one movable electrode array single
unit 10e¢ malfunctions, the sensor may possibly operate.
Moreover, since the sacrificial film etching time can be
reduced, it is easier to shorten the manufacturing time and
provide protection during sacrificial film etching.

FIG. 27 is a plan view illustrating a first example of the
movable electrode array single units connected in parallel. A
plurality of movable electrodes 30d and a plurality of well
regions 12 which become fixed electrodes are respectively
connected in parallel via wirings 43b. In this case, the sacri-
ficial film 235 and the etching holes 465 are formed for each
movable electrode array single unit 10a, and therefore even if
some movable electrodes 30d are damaged and the vacuum
chamber 51 is destroyed, the plurality of other movable elec-
trode array single units 10a are connected in parallel, and so
the pressure sensor functions. Reducing the size of the mov-
able electrode array single unit 10« to increase the number of
array single units connected in parallel may improve reliabil-
ity and facilitate manufacturing, but this will result in an
increase in both the chip area and cost. Therefore, an optimum
arrangement method needs to be determined in accordance
with a balance between reliability, productivity and cost.

FIG. 28 is a plan view illustrating a second example of
movable electrode array single units connected in parallel.
FIG. 29 is a plan view illustrating one movable electrode
array single unit in FIG. 28. When a plurality of movable
electrode array single units 10a are connected in parallel,
movable electrode contact holes 41¢ and fixed electrode con-
tact holes 414 which are lead wires respectively connected to
the second well region 12 and the movable electrode 304 are
formed at mutually opposing both ends of the movable elec-
trode 304 to reduce the arrangement area of the pressure
sensor. An etching hole 465 of the sacrificial film 235 is
formed next to these lead wires. Since the etching hole 465
and the contact holes 414 are arranged in the same direction,
a drastic area reduction is possible. In FIG. 29, two etching
holes 465 are arranged, but four etching holes 465 may also be
arranged. Arranging the etching holes 465 on a diagonal line
can shorten the etching time of the sacrificial film 235 and
also facilitate manufacturing.

FIG. 30 is a plan view illustrating a reference pressure
sensor according to the embodiment of the present invention.
A reference electrode anchor 315 is formed at the center of
each movable electrode 304 in the square 4-point support
movable electrode arranged in an array shape shown in FIG.
29 to reduce the amount of deformation of the movable elec-
trode 30d when a pressure is applied thereto. The reference
electrode anchor 315 portion is added to the detection elec-
trode in the reference pressure sensor, and due to this struc-
tural difference, the initial capacitance value of the reference
pressure sensor is greater than the initial capacitance of the
detection electrode. Therefore, the area of the reference elec-
trode anchor 315 formed at the center of the movable elec-
trode 30d is preferably as small as possible.

FIG. 31 is a plan view illustrating modification 1 of the
reference pressure sensor according to the embodiment of the
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present invention. Compared to the reference pressure sensor
in FIG. 30, the inter-layer insulating films 40 and 45, and the
first sealing film 485 are made to remain without forming the
movable electrode opening 545 on the movable electrode 304
to further reduce the amount of capacitance change when a
pressure is applied.

FIG. 32 is a plan view illustrating modification 2 of the
reference pressure sensor according to the embodiment of the
present invention. Compared to the reference pressure sensor
in FIG. 31, the reference electrode anchor 315 arranged at the
center of each movable electrode 304 is eliminated, and the
inter-layer insulating films 40 and 45, and the first sealing film
48b are made to remain without forming the movable elec-
trode opening 545 on the movable electrode 304. In this way,
although the amount of capacitance change when a pressure
is applied increases, the anchor layout of the movable elec-
trode 30d remains the same as that of the detection electrode,
allowing capacitance correction with high accuracy.

FIG. 33 is a cross-sectional view illustrating a modification
of'the pressure sensor region according to the embodiment of
the present invention. An etching hole 465 is formed at one
central location of a plurality of movable electrodes con-
nected and arranged in an array shape. Arranging the etching
hole 465 only at the center causes reaction of etching of the
sacrificial film 235 to advance concentrically from the center,
requiring twice or more the etching time compared to the case
where etching holes 465 are arranged at both ends of the
sacrificial film 235. However, since vacuum sealing needs to
be applied at only one location, it is possible to improve
reliability and reduce the chip size.

FIG. 34 is a plan view illustrating a modification of the
pressure sensor region according to the embodiment of the
present invention. Compared to the movable electrode
arranged in an array layout in FIG. 23, a sacrificial film
protective film 30g of the same material as that of the movable
electrode 304 is formed on the sacrificial film 235 between the
movable electrode 304 and the etching holes 465 simulta-
neously with the movable electrode 30d. This prevents the
sacrificial film 235 from being thin-filmed during the process.
This also allows process stabilization during etching process-
ing of the sacrificial film 234.

As described so far, in the present embodiment, the first
well region 14 and the second well region 12 which becomes
a fixed electrode are formed simultaneously on the silicon
substrate 11. The first gate insulating film 22a and the fixed
electrode protective film 225 are formed simultaneously on
the first and second well regions respectively. The floating
gate electrode 23 and the sacrificial film 236 are formed
simultaneously on the first gate insulating film 22 and the
fixed electrode protective film 225 respectively. The second
gate insulating films 254 and 274, and the movable electrode
protective films 256 and 2756 are formed simultaneously on
the floating gate electrode 23 and the sacrificial film 2354
respectively. The gate electrode 30c¢ and the movable elec-
trode 304 are formed simultaneously on the second gate insu-
lating films 254 and 27a, and the movable electrode protec-
tive films 255 and 275 respectively. Achieving commonality
between the MOS structure forming process and the pressure
sensor forming process in this way can facilitate manufactur-
ing. It is thereby possible to suppress an increase of the
number of manufacturing steps and contribute to a reduction
of production cost. Since there is no need to add manufactur-
ing steps to form a semiconductor pressure sensor, and
thereby prevent damage to the MOS region 17 accompanying
heat treatment and damage due to dry etching or the like.
Furthermore, characteristic deterioration as the semiconduc-
tor pressure sensor can be prevented.
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It is further possible to form the movable electrode 304
using a thin film to form the films of the gate electrodes 30a,
305 and 30c¢, form the sacrificial film 235 using a thin film to
form the EPROM floating gate electrode 23 and thereby form
the narrow void 50 (vacuum chamber 51). This allows a
semiconductor pressure sensor standardized with a small, low
cost and high performance CMOS process to be formed in a
simple manner.

Moreover, the sacrificial film 2354 is removed with the gate
electrode 30c¢ or the like of the MOS region 17 and the
movable electrode 30d or the like of the pressure sensor
region 16 covered with the inter-layer insulating films 40 and
45. These inter-layer insulating films 40 and 45 are formed
simultaneously in the pressure sensor region 16 and the MOS
region 17. Before removing the sacrificial film 23, this elimi-
nates the necessity for separately forming a film to protect the
pressure sensor region 16 and separately removing the pro-
tective film after removing the sacrificial film 235. As aresult,
itis possible to reduce the number of manufacturing steps and
reduce production costs. Moreover, the inter-layer insulating
films 40 and 45 can reduce process damage to the pressure
sensor region 16 and the MOS region 17. Furthermore, since
the movable electrode 304 has sufficient rigidity, it is possible
to prevent sticking of the movable electrode 304 in the steps
of forming the void 50, vacuum-sealing the void 50 and
converting the void 50 to the vacuum chamber 51.

In the pressure sensor region 16, the shield film 39 is
formed on the movable electrode 304 via the insulating film
38. Covering the movable electrode 30d with the shield film
39 makes it possible to prevent direct contact with the outside.
Moreover, the shield film 39 is made of a conductive poly-
silicon film and connected to a grounding potential. Influ-
ences of charge or the like on the movable electrode 304 from
the outside can be shielded, and characteristic variations as
the semiconductor pressure sensor can thereby be sup-
pressed.

When the movable electrode opening 545 is formed by
etching the inter-layer insulating films 40 and 45 on the mov-
able electrode 304, the shield film 39 functions as an etching
stopper. This protects the movable electrode 304 from dam-
age accompanying etching processing. Adjusting the film
thickness of the shield film 39 (film thickness of the conduc-
tive polysilicon film) allows the stress characteristic and pres-
sure detection sensitivity characteristic of the movable elec-
trode 30d to be controlled.

Since the width of the void is small, optimizing the size of
the movable electrode 304 makes it possible to provide a
stopper function for preventing destruction of the movable
electrode 304 when an excessive pressure is applied thereto.
This makes it possible to form a semiconductor pressure
sensor with high reliability.

Obviously many modifications and variations of the
present invention are possible in the light of the above teach-
ings. It is therefore to be understood that within the scope of
the appended claims the invention may be practiced other-
wise than as specifically described.

The entire disclosure of Japanese Patent Application No.
2014-001745, filed on Jan. 8, 2014 including specification,
claims, drawings and summary, on which the Convention
priority of the present application is based, is incorporated
herein by reference in its entirety.

What is claimed is:

1. A method for manufacturing a semiconductor device
comprising:

simultaneously forming first and second well regions on a

semiconductor substrate, wherein the second well
region becomes a fixed electrode;
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simultaneously forming a first gate insulating film on the
first well region and a fixed electrode protective film on
the second well region;

simultaneously forming a floating gate electrode on the

first gate insulating film and a sacrificial film on the fixed
electrode protective film;

simultaneously forming a second gate insulating film on

the floating gate electrode and a movable electrode pro-
tective film on the sacrificial film;

simultaneously forming a gate electrode on the second gate

insulating film and a movable electrode on the movable
electrode protective film;

removing the sacrificial film to form a void by;

vacuum-sealing the void to form a vacuum chamber;

forming an inter-layer insulating film covering the gate
electrode and the movable electrode; and

removing the sacrificial film with the gate electrode and the

movable electrode covered with the inter-layer insulat-
ing film.

2. The method according to claim 1, further comprising
forming a shield film connected to a grounding potential on
the movable electrode via an insulating film before the inter-
layer insulating film is formed.

3. The method according to claim 2, further comprising
etching the inter-layer insulating film on the movable elec-
trode to form a movable electrode opening,

wherein the shield film functions as an etching stopper

when the movable electrode opening is formed.

4. A method for manufacturing a semiconductor device
comprising:

simultaneously forming first and second well regions on a

semiconductor substrate, wherein the second well
region becomes a fixed electrode;

simultaneously forming a first gate insulating film on the

first well region and a fixed electrode protective film on
the second well region;

simultaneously forming a floating gate on the first gate

insulating film and a sacrificial film on the fixed elec-
trode protective film;

simultaneously forming a second gate insulating film on

the floating gate electrode and a movable electrode pro-
tective film on the sacrificial film;

simultaneously forming a gate electrode on the second gate

insulating film and a movable electrode on the movable
electrode protective film;

removing the sacrificial film to form a void by; and

vacuum-sealing the void to form a vacuum chamber,

wherein the movable electrode is supported by a plurality
of movable electrode anchors,

the movable electrode includes a movable electrode detec-

tion region and a movable electrode compensation
region located on a perimeter of the movable electrode
detection region, and

an interval between the movable electrode anchors in the

movable electrode compensation region is smaller than
an interval between the movable electrode anchors in the
movable electrode detection region.

5. The method according to claim 4, further comprising
forming a field oxide film around the second well region,

wherein the movable electrode compensation region is

formed on the field oxide film.

10

15

20

25

30

40

45

50

55

60

20

6. The method according to claim 4, wherein the second
well region is not formed right below the movable electrode
compensation region.

7. The method according to claim 1, further comprising:

forming a field oxide film around the second well region;

forming an etching hole in the inter-layer insulating film on
the field oxide film; and

introducing an etchant through the etching hole to etch and

remove the sacrificial film.

8. The method according to claim 7, further comprising
forming a sacrificial film protective film of a same material as
a material of the movable electrode on the sacrificial film
between the movable electrode and the etching holes simul-
taneously with the movable electrode.

9. The method according to claim 7, wherein the etching
hole is formed at mutually opposing both ends of the movable
electrode.

10. The method according to claim 9, comprising:

forming lead wires respectively connected to the second

well region and the movable electrode are formed at
mutually opposing both ends of the movable electrode;
and

forming the etching hole next to the lead wires.

11. The method according to claim 7, wherein the movable
electrode includes a plurality of electrodes connected and
arranged in an array shape, and the etching hole is formed at
one central location of the plurality of electrodes.

12. The method according to claim 7, further comprising:

forming a first sealing film on the inter-layer insulating

films and in the etching hole;

etching the first sealing film and the inter-layer insulating

films around the etching hole to form a sealing region
opening; and

forming a second sealing film in the sealing region open-

ing.

13. The method according to claim 1, wherein a detection
pressure sensor and a reference pressure sensor are formed of
the second well region, the fixed electrode protective film, the
movable electrode protective film, the movable electrode, and
the vacuum chamber, and

in the detection pressure sensor, the inter-layer insulating

film on the movable electrode is left open.

14. The method according to claim 13, wherein the mov-
able electrode is supported by a plurality of movable elec-
trode anchors in the detection pressure sensor, and the mov-
able electrode is supported by the movable electrode anchors
and reference electrode anchors arranged between the mov-
able electrode anchors in the reference pressure sensor.

15. The method according to claim 13, wherein the inter-
layer insulating film remains without being opened in the
reference pressure sensor.

16. The method according to claim 1, wherein the movable
electrode includes a plurality of electrodes, the second well
region includes a plurality of well regions, the plurality of
electrodes and the plurality of well regions are respectively
connected in parallel via wirings.

17. The method according to claim 1, wherein the movable
electrode is circular.



